We employed the Schwinger multichannel method to compute elastic cross sections for low-energy electron collisions with propane ͑C 3 H 8 ͒. The calculations are carried out within the static-exchange and static-exchange plus polarization approximations and covered the energy range from 0 to 15 eV. The computed differential cross sections show good agreement with the experiment, and the computed integral cross sections present the same shape as the measured total cross sections. We found a broad structure in the integral cross section around 8.5 eV and also a Ramsauer-Townsend minimum around 0.1 eV. These results are in agreement with the experimental observations.
I. INTRODUCTION
Collisions of electrons with hydrocarbons have many important applications in different areas. For example, these molecules are largely used as feed gases in processes of chemical vapor deposition and etching, both related with technological applications of low-temperature plasmas. Besides, hydrocarbons are light molecules and present several types of chemical bonding also found in more complex systems. Therefore obtaining electron-collision cross sections for hydrocarbons would help in the understanding of electron interactions with compounds of higher complexity. For instance, the discovery by Boudaïffa et al. ͓1͔ that secondary low-energy electrons damage DNA stimulated a renewed interest on studies involving electron interactions with organic molecules which resembles building blocks of DNA and DNA acid bases. Most of these studies investigate the existence of shape resonances and the molecular dissociation by dissociative electron attachment mediated through these resonances ͓2͔.
Propane is one of the hydrocarbons which has not attracted too many theoretical works on electron collisions, although there are several experimental studies on this subject concerning total, vibrational excitation, differential and ionization cross sections available in the literature ͓3-14͔. Total cross sections have been measured in electron transmission experiments by Floeder et al. ͓3͔, Nishimura and Tawara ͓4͔, Tanaka et al. ͓8͔ , and Szmytkowski and Kwitnewski ͓9͔ for energies ranging from 0.5 to 500 eV. Although there are small differences observed between these experimental cross sections all of them present a broad structure located around 8 eV. The measurements recently performed by Ariyasinghe et al. ͓11͔ covered These authors also reported the existence of a shape resonance around 8 eV. Another feature that has been reported by some authors is the existence of a Ramsauer-Townsend minimum around 0.1 eV ͓10,7͔. On the theoretical side, Vinodkumar et al. ͓15͔ calculated total cross section ͑for energies from 50 to 2000 eV͒ and ionization cross section ͑for energies from threshold to 2000 eV͒ by electron impact for a series of radicals and hydrocarbons, including propane. There is the work of Winstead et al. ͓16͔ which reported computed elastic cross sections for propane at the staticexchange approximation from 5 to 30 eV. There is also the work of Hwang et al. which reported a computed total ionization cross section by electron impact by means of the Binary-Encounter-Bethe ͑BEB͒ model ͓17͔. All results of total ionization cross section by electron impact are summarized in the NIST webpage ͓18͔.
In this paper we present results of cross-section calculations for collisions of low-energy electrons with C 3 H 8 molecules. We employed the Schwinger multichannel ͑SMC͒ method implemented with norm-conserving pseudopotentials in the static-exchange ͑SE͒ and in the static-exchange plus polarization ͑SEP͒ approximations. We computed elastic integral and differential cross sections and compared with available results in the literature which have been discussed above. Although there are several studies concerning total cross sections, there is a lack of elastic results. This paper has the goal of providing such cross sections. In the next sections we discuss the theoretical procedure used in our calculations, present our results and discussions, and end with a brief summary of our findings.
II. THEORY
The SMC method and its implementation with pseudopotentials ͑SMCPP͒ were discussed in detail elsewhere ͓19,20͔. Here we will only discuss the relevant aspects of the present calculation.
The target was computed in the Hartree-Fock approximation. Bound state and scattering calculations were done within the C 2v point group at the experimental geometry of equilibrium ͓22͔. Figure 1 shows the geometrical structure of propane. Our calculations were done with the norm-conserving pseudopotentials of Bachelet, Hamman, and Schlüter ͓21͔ in order to represent the core electrons, as discussed in Ref. ͓20͔ .
We used a variational procedure to generate the Cartesian Gaussian functions ͓23͔. The basis set for the carbon atoms consists of uncontracted 6s5p2d functions. 
͓22͔.
To take polarization effects into account we used modified virtual orbitals ͑MVOs͒ ͓25͔ to describe hole, particle, and scattering orbitals according to Ref. ͓26͔. We considered single excitations from all ͑valence͒ occupied orbitals to MVOs with energies less than 15 hartree; the same MVOs were used as scattering orbitals. We included singlet and triplet coupled excitations which resulted in a total of 25 137 doublet configuration state functions ͑CSFs͒. The CSFs are divided per symmetry as follows: 6753 for A 1 , 6640 for B 1 , 5926 for B 2 , and 5818 for A 2 .
III. RESULTS AND DISCUSSION
In Fig. 2 we show our integral cross section obtained in the SE and SEP approximations and the SE result calculated by Winstead et al. ͓16͔ . For comparison, we also include in this figure the total cross sections measured by Floeder et al. ͓3͔, Nishimura and Tawara ͓4͔, Tanaka et al. ͓8͔ , and Szmytkowski and Kwitnewski ͓9͔. Our SE results exhibit the same shape but are systematically larger than the results of Winstead et al. The calculations performed by these authors were done with a basis set smaller than ours, and this may be the source of the difference in magnitude observed between both results. Compared with the experimental data, our SEP cross section displays all the features seen in the total cross sections, although there are some differences mainly in magnitude. In particular, our results show a broad structure located at 8. tron collisions with methane ͑CH 4 ͒ and ethane ͑C 2 H 6 ͒. This subject was also discussed by Winstead et al. for CH 4 , C 2 H 6 , and C 3 H 8 molecules ͓16͔ and by Lopes et al. ͓27͔ , which performed a new set of calculations for these molecules and added C 4 H 10 in the former list of molecules. Figure 3 shows the symmetry decomposition of the integral cross section shown in Fig. 2 . Polarization effects change the shape of the cross sections for all symmetries, but especially for the A 1 symmetry. The broad structure seen in the integral cross section shown in Fig. 2 is, in fact, due to structures that appear in all symmetries and located at the same energy. The A 1 cross section suddenly goes down for energies lower than 1 eV. Experimental works have reported the existence of a Ramsauer-Townsend minimum for this molecule ͓7,10͔, and the behavior seen in the A 1 cross section suggests the existence of a Ramsauer-Townsend minimum. We will address this point later.
Differential cross sections at selected energies are presented in Figs. 4 and 5. We also show for comparison our SE results and the data of Boesten et al. ͓5͔ . Our results with polarization effects agree well with the experimental data especially for impact energies Շ8.5 eV, except at 2 eV. At this energy our computed cross section does not follow the behavior of the experimental data for angles below ϳ60°. At 8.5 and 10 eV energies our SEP cross sections present the same features seen in the experimental data but lie above the experiment at high scattering angles. At these energies and at 15 eV, our SE differential cross sections agree better in magnitude with the experiment. The increase of the experimental differential cross section at low scattering angles is not a consequence to the long range dipole interaction that we have completely neglected in our calculations. It can be seen from Figs. 4 and 5 that our SEP results reproduce this feature, except at 2 eV, which suggests that we would need more polarization to get better results at this energy and below. The dipole interaction would affect only very small scattering angles ͑even at low energies͒ due to the small value of the propane's dipole moment. Figure 6 shows our SEP differential cross sections at 30°, 50°, 70°, and 90°as a function of energy, compared with experimental results of Boesten et al. ͓5͔ and Merz and Linder ͓10͔. Our results agree well with the experiment at 30°and 50°, and show some discrepancies at 70°and 90°. Discrepancies are also seen between the two experimental data. The disagreement between our SEP results and the experiment seen in this figure is expected because the differences seen in Figs. 4 and 5 between our SEP results and the differential cross sections at scattering angles above ϳ60°. As discussed above, according Refs. ͓7,10͔, this molecule presents a Ramsauer-Townsend minimum around 0.1 eV. We computed the cross section for the A 1 symmetry for low impact energies and the s-wave eigenphase. The results are shown in Fig. 7 . The s-wave eigenphase crosses zero just below 0.1 eV, which indicates the existence of a RamsauerTownsend minimum in our integral cross section. Although the position of our computed minimum appears a little bit lower than in the experiment, our calculations are able to reproduce this structure.
IV. SUMMARY
We presented elastic cross sections for electron collisions with propane. Our results agree well with the experimental results available in the literature. In particular, our results show a broad maximum around 8.5 eV and the existence of a Ramsauer-Townsend minimum around 0.1 eV, in agreement with the experiments. 
